Statement of Work
The primary objectives of this proposal have been to establish fundamental chemical and physical properties of jet fuel components that can be used to develop a comprehensive and extensible kinetic model for the combustion of practical jet fuels as well as their surrogates. Specifically, the objectives were (a) to identify reaction pathways for the combustion of jet fuel surrogates; (b) to develop detailed kinetic models for these compounds; (c) to compute the transport properties of jet--fuel surrogates and (d) to develop a database of transport properties that can be implemented in current simulation packages, such as CHEMKIN. The development of the kinetic mechanisms was coordinated with the effort carried out by the research team led by Prof. Egolfopoulos, within the MURI award. Major Accomplishments: The major achievements obtained over the last years can be summarized as follows: 1. Determination of accurate values of diffusion coefficients for JP8 surrogates.
Currently the values used in combustion codes are obtained from the kinetic theory that is valid for spherical molecules. This approximation causes great discrepancies - it has been demonstrated that for example 10% differences in diffusion coefficients of n--dodecane flame can cause 50K difference in ignition temperature.
Molecular Dynamics simulations in combination with ab initio methods were used to determine the chemistry and transport processes of classes of n--, iso--, and cyclo--paraffins, and their mixtures. We included also the class of aromatics -initially not listed in the SOW.
2. Development of a model that correlates the morphology of molecules with diffusion coefficients. This new equation can be used in available combustion models to improve their predictive capability.
Research Highlights
Work on transport was selected as research highlight by AFOSR in 2010.
Invited Publication of Review Article on Transport, Progress in Energy and Combustion, 2012.
Connection to AFOSR goals:
The proposed research has produced a comprehensive reaction model that includes kinetic modules for the surrogate components and implementation of advanced transport. The impact of this work -especially for the results on diffusion coefficients will affect all the kinetic mechanisms used in the combustion community since - as today - there are no accurate data for the diffusions of non--spherical molecules.
Executive Summary:
Combustion modeling is an essential tool for the prediction of flame characteristics as well as for the optimal design of combustors. Mass diffusion coefficients and chemical have not yet experienced similar focus. 4--6 Over the years, kinetic theory for polyatomic gases has been formulated in different . These two parameters are usually obtained from viscosity measurements. 8 However, only a limited amount of data is available for polyatomic molecules.
Therefore, the correlations of corresponding states of Tee et al. are frequently employed to estimate the parameters for fluids. 9 The validity of above equation is limited to low density gases with the assumption of spherical interactions between molecules. Despites these limitations, the equation above has been extensively employed to determine transport properties of significant non--spherical molecules in high temperature conditions.
In addition, the C--E solution to the Boltzmann transport equation is not applicable for many systems because they require the knowledge of collision integrals, collision diameters, and energy well depth, all of which are experimentally determined quantities for each pair of molecules. The dearth of experimental data severely limits the quantity of systems for which analytical transport equations are viable. Because of the severe limitations of gas kinetic theories, the major advantage of computational approaches such as MD is its ability to simulate systems where experimental data are not available.
Recent investigations, however, have reported the importance of mass diffusion coefficients in flame modeling. 10--13 H 2 /air flame simulations showed up to 30% employed. 10 Modeling of non--premixed flames of hydrocarbons have highlighted the importance of size and mobility of molecules on the extinction strain rates; as the size of molecules decreases, resistance to extinction strain rate increases. 12 Sensitivity analyses of ignition, laminar flame speed and extinction strain rates have reported that the sensitivity of diffusion could be on the same order or larger than chemical kinetics. 10, 11, 13 The goal of this study has been to determine accurate diffusion coefficients of hydrocarbons using all--atom Molecular Dynamics (MD) simulations and to propose modifications to the HBS equation to improve the prediction of diffusion coefficients for molecules with non--spherical symmetry. One of the main goals of this study is to identify and quantify the effect of molecular structure on diffusion. All--atom Molecular
Dynamics simulations are employed to overcome the limitations of the C--E theory with spherical potentials and provide an explicit way to compute diffusion coefficients of polyatomic molecules.
As systems of interest, we focused on alkanes (from methane, CH 4 to hexadecane, C 16 H 34 ) , the isomers of alkanes (isomers of heptane), cycloalkanes, and aromatics.
Approach
One major advantage of individual molecular measuring methods is the lack of obstacles between simulation output and calculation of the diffusion coefficient. Given the results of a simulation that tracks each molecule in the specified system, one can obtain the macroscopic diffusion coefficient with relatively simple expressions like the Green--Kubo (G--K) formula, 14 which can determine mass diffusion coefficients in systems at equilibrium state from microscopic fluctuations. 15 The G--K formula defines both self and binary diffusion coefficients, the former is an ensemble average of the velocity auto correlation function, the latter is defined as a combination of the ensemble average of velocity auto correlation and cross correlation functions. 16 The binary diffusion coefficient is described by 17
where the angle brackets denote an ensemble average, ! is the time integral of the velocity auto correlation functions of species , ! and ! are the velocity vectors of species and , respectively, !! and !" are the time integrals of the velocity cross correlation function between the same species and between species and , respectively, ! is the mole fraction of species , and is a thermodynamic factor related to the compositional derivative of chemical potential. Employing these G--K relations to calculate the diffusion coefficient of a simulated system is relatively straightforward and simple. This ease of use is a significant advantage to individual molecular measuring simulations.
Molecular Dynamics
Molecular dynamics, in theory, is a relatively simple idea predicated on basic Newtonian dynamics. MD provides a method to calculate diffusion properties, effective especially in systems of interest wherein the temperatures, or pressures, or both, are extreme because experiments with extreme conditions are impracticable. Furthermore, MD is an effective method to simulate molecular systems where the particles of interest are large enough to neglect quantum effects, such as electron--electron interaction and electron--atom interaction. Electron movement relative to nuclei is ignored for the sake of computational efficacy, save for ab--initio MD. This simplification is especially valid and useful for hydrocarbon systems typical in combustion environments.
More details about the methodology employed for this work are reported elsewhere.
18--19

Results
Below are reported the results for alkane species. The work done for the other families of compounds are reported in journal publications as well as PhD thesis.
Our group has noted 18--19 that C--E theory overestimates the diffusion coefficients of linear and branched alkanes, cycloalkanes, and aromatics. Because C--E gas kinetic theory relies on the assumption of hard sphere collisions, the less spherical a molecule is, the more C--E theory overestimates the diffusion coefficient. The larger the alkanes are, the larger the discrepancy between C--E diffusion coefficients and MD diffusion coefficients; as the molecules deviate from a spherical shape, analytical methods become less accurate.
MD results for the binary diffusion coefficients of alkanes from methane CH 4 to hexadecane, C 16 H 34 presented in the figure below.
As the number of methyl groups increases, the diffusion coefficients decrease.
Moreover, the difference in diffusion coefficients among mixtures becomes larger as temperature increases. Experimental measurements of mutual diffusion coefficients for gas mixtures at 1 atm. In order to quantify the difference in diffusion values between the two approaches, we searched for a geometric factor that could represent the molecular structures obtained from MD simulations and at the same time could be compared with a collision diameter (σ). For this purpose, we computed the radius of gyration (R g ) of each hydrocarbon molecule from MD simulations using the following relation:
where I αα denotes the moments of inertia of principal axes.
An important difference between σ and Rg is the temperature dependence of the latter, which makes the analysis of the diffusion trends complex. However, the computed values of R g in the temperature range of 500 -1000 K did not vary significantly.
As the length of the chain of alkanes increases, the radii of gyration and collision diameters also increase. The similarity depicted in the figure demonstrates that R g is related to σ, as expected since both characterize the molecular size, yet the radius of gyration imbeds geometric factors that are not captured by the collision diameter of a spherical potential function. The CE theory can be used to compute diffusion The dependence on Rg represents a simple way to take into account the effect of molecular configurations when using the CE theory with spherical potentials.
The results are summarized in tables showing the values of Lennard--Jones parameters that can be used in available combustion models. The 
Some remarks
Using molecular dynamics simulations, the diffusion coefficients of various classes of polyatomic molecules were determined in the temperature range 500K -1000K. The effects of molecular structure on diffusion were quantified using the radius of gyration of the molecules. The importance of this research I highlighted in the computational study reported below.
Using the CHEMKIN suite of programs, the new transport data were implemented in at flame code to determine the strain rate of flames of dodecane. The figure below shows a comparison between the results obtained with MD versus C--E theory, demonstrating a significant discrepancy between the two approaches.
